Recombinant Streptomyces lividans strains that express a plasmid-encoded lignin peroxidase gene from the genome of Streptomyces viridosporus T7A (39) (40) (41) were recently constructed (4) . When released into soil, these recombinants transiently enhanced the rates of carbon mineralization in the soil (40) . This increase in the rates of carbon mineralization, as measured by CO2 evolution, was significantly greater than the rate observed for uninoculated soil or for soil inoculated with the parental S. lividans strains. The effect was attributable to the expression of lignin peroxidase by the recombinants. The recombinants were hypothesized to transiently relieve a rate-limiting step in soil carbon cycling, that is, lignin depolymerization and oxidation, by overproduction and excretion of lignin peroxidase. This conclusion presumes that lignin peroxidase was present at a rate-limiting concentration in the soil, a conclusion supported by the data presented (40) . Because the effect lasted only a few days, the lignin peroxidase was thought to be acting mainly on the recently deposited lignocellulosic material. Also, the temporary increase in the CO2 evolution rate was thought to be the primary result of increased activity by * the cellulolytic soil microflora responding to the increased availability of cellulosic carbohydrate released by lignin depolymerizations by recombinant-released lignin peroxidase in the soil. The latter conclusion was supported by the observation that the enhancement of CO2 respiration was more pronounced when the recombinants were released into nonsterile soil compared with sterile soil.
A number of papers have been published on the environmental effects of genetically engineered microorganisms (GEMS) (2, 4, 10-13, 15, 21, 29, 32, 35) . Previous work showed a statistically significant, albeit transient, effect of a recombinant actinomycete on nutrient processing in soil (40) . The data did not, however, establish whether the effect was significant at the level of humus formation and turnover and/or whether other soil functions or organisms were affected. In the present study, the effects of recombinant S. lividans TK23.1 on soil humification; nitrogen, carbon, phosphorous, and sulfur cycling; specific microbial groups; and selected soil enzymatic activities are examined. Such an approach is useful in assessing the effects of environmental release of lignin peroxidase-overexpressing GEMS and other GEMS in soil (11, 35) . To enhance and validate the results, different parts of the research were carried out independently in three laboratories. The results indicate that some environmental parameters were significantly affected by the release of strain TK23.1 into soil, as with broader measures of effects (CO2 respiration rate). However, all effects were transient and probably not ecologically significant (3) over either the short or the long term. (9) and/or yeast extract-malt extract-glucose agar (31) . Stock cultures were incubated at 30°C until sporulation (-1 week) and then stored at 4°C until used. Recombinant S. lividans TK23.1 expresses the lignin peroxidase-encoded plasmid pIJ702.LP (39) . pIJ702.LP also contains a thiostrepton resistance gene (23) . Cultures of TK23.1 were maintained on yeast extract-malt extract agar supplemented with thiostrepton (E. R. Squibb and Sons, Princeton, N.J.) at 25 p,g/ml.
After being checked for purity and expression of pIJ702.LP, both parental and recombinant stock cultures were supplied to the other two collaborating laboratories by D. L. Crawford. During the research, each group confirmed the presences of the plasmid by extracting plasmid DNA from the cells and checking it for appropriate size and restriction patterns (39) .
Soil. The soil used was a Thatuna-Naff silt-loam, mixed fine-silty mesic Ultic Argixerollmesic Xeric Argiabolls. This is the same soil used previously (39) (40) (41) and described as a Palouse silt-loam. The properties of this soil are summarized in the cited papers (39) (40) (41) . For the present research, fresh soil was collected from the upper 5 to 8 cm of a noncultivated field (University of Idaho Arboretum). All researchers were supplied with soil from the same well-mixed batch, after it was air-dried and sieved (2-mm screen). This high-organiccarbon (6.7%; see references 39 and 41) In most experiments, the soil was wetted to 60% of its water-holding capacity by addition of sterile water with the inoculum. In some experiments, half of the water was added to the soil, this mixture was equilibrated for 48 h at 4°C, and then the remainder of the water was added on day 0 with the inoculum. All treatments were replicated three to five times, and soils were incubated at 25°C for 30 to 90 days. In humification experiments (see below), soil samples (5.0 g) were placed in 250-ml flasks attached to respiration cabinets to trap evolved CO2 or 14CO2 (41) . Soils were incubated within a water-saturated atmosphere. When noted, soils were incubated by using the master jar technique described by Stotzky (37) and Doyle et al. (10) . This method was used to measure CO2 evolution in some experiments, and at selected time periods, samples were removed from the jars for enumeration of the different microbial groups, enumeration of TK23 and TK23.1, and analysis of enzyme activities.
Effects on humification. Nonsterile soil (5.0 g, dry weight) was incubated in flasks amended with 4C-lignin or "Ccellulose lignocellulose as described above, wetted to 60% of its water-holding capacity, and either not inoculated or inoculated with strain TK23 or TK23.1. Soil was incubated in the dark for 30 and 60 days (25°C) in replicates of three for each treatment. The recovery of 14C as 14CO2 was monitored after 30 and 60 days as described below. Incorporation of 14C into different fractions of soil organic matter was determined at day 30 or 60 by harvesting flasks and extracting and analyzing the soils for 14C-labeling of their fulvic and humic acids (30, 34) . By summing the "'C recovered as 14CO2, 14C-fulvic acids, 14C-humic acids, and 14C-humin (by difference), the amounts of 14C incorporated into specific soil organic matter fractions was calculated. The values for each fraction are reported as disintegrations per minute of 14C recovered and represent the averages of three assays from three different replicate flasks. After the humic and fulvic acids were extracted, the humic acid fraction was dried (75°C for 48 h), ground with a mortar and pestle, and then combusted (600°C) until the samples turned white. 14CO2 released from this fraction was trapped and quantified as described previously (6) . The fulvic acid fractions were concentrated by rotary evaporation to s 10-ml volume, dried (75°C, until crystallized), and combusted to quantify 14CO2, as described for the humic acid fraction.
Effects on microbial numbers. Persistence of S. lividans TK23 and TK23.1 in the various soil treatments was monitored by dilution and spread plating (two plates per dilution) on selective antibiotic-containing media, as described previously (39, 41) . Media included mineral salts-starch-casein agar (25, 41) or yeast-malt agar medium (41) supplemented with either 50 ,ug of spectinomycin per ml for TK23 or 25 ,ug of thiostrepton per ml for TK23.1, respectively. Enumeration of both strains from nonsterile soils was easily done by using selective media and characteristic colony morphologies. Viable counts were reported as CFU per gram of oven-dry soil. TK23.1 colonies were also periodically selected at random and screened to confirm the presence of pIJ702.LP (39) .
Soil samples were also monitored for total bacteria by using soil extract agar (19, 42) supplemented with cycloheximide (100 ,ug/ml; Sigma Chemical Co.) and for total fungi, chitin utilizers, and cellulose utilizers by using the following media, respectively: Martin's agar (26) , chitin agar (18) containing 100 ,ug of cycloheximide per ml, and filter papercellulose agar (16) . Spore-forming bacteria were also enumerated (42) . In this procedure, 10 ml of a desired dilution was heated (80°C for 10 min). The suspension was then rapidly cooled and plated onto soil extract agar. In enumerating chitin and cellulose utilizers, only colonies showing zones of clearing after 6 to 7 days of incubation were counted. All incubations were at 25°C, and counts were made after 5 to 7 days for bacteria and 3 to 4 days for fungi. Nitrifying bacteria were enumerated by the standard mostprobable-number method (33) .
Effects on soil enzyme activities. Soil dehydrogenase, P-glucosidase, alkaline phosphatase, arylsulfatase, and acid phosphatase were determined as described by Tabatabai (38) .
Effects on nitrogen cycling. To (24) and analysis on a continuous-flow N analyzer. Soil microbial biomass-N was assayed by the chloroform fumigation technique (20) , using a variable, kN (28) .
Measurement of other parameters. The pH of soil was monitored by use of a pH meter, whereby the probe was calibrated and then placed into a 50:50 soil/water slurry (27) . The pH of the aqueous phase was recorded after a wellmixed slurry was allowed to settle for 10 min. Soil water content was determined by oven-drying soil samples (three replicates, 1 to 10 g each) at 110°C for 18 h (14) , while total soil phenolics were assayed by the method of Julkunen-Titto (22) , testing three replicates at each sample interval. The microbial biomass carbon of soils was determined by the chloroform fumigation method, using both the respiration of the fumigated soils alone (0 to 10 days) and CO2 evolved from the fumigated soil minus CO2 evolved from a nonfumigated control (0 to 10 days) (20) .
Preparation of lignocellulose. Unlabeled, _4C-lignin-, and "4C-cellulose-labeled lignocelluloses were prepared from popular (Populus sp.) and chemically characterized as described previously (7, 8) . L-[U-_4C]phenylalanine and D-[U-14C]glucose served as lignin and cellulose precursors, respectively. "4C-labeling of poplar lignocellulose was accomplished by allowing live, cut twigs to take up "'Cprecursor, which the twigs incorporated specifically into either their lignin or cellulosic polysaccharides. The sapwood was then removed from the twigs, dried, ground (20-mesh screen), and extracted in sequences with hot water, ethanol-benzene, and hot water (8) to remove nonlignin and noncellulose "4C-labeled contaminants. The final "4C-labeled products were characterized to confirm that specific labeling had occurred (8) . The specific activities of the "4C-lignocelluloses were 1,907 and 446 dpm mg-' for the "4C-lignin-and 14C-cellulose-labeled lignocelluloses, respectively. Unlabeled lignocellulose was prepared by the same procedures, using unlabeled twigs.
Monitoring for CO2 and "4CO2 evolution. CO2 was trapped from gases exiting from master jars or flasks within respiration cabinets by passage through CO2 traps containing an appropriate quantity and concentration of KOH or NaOH needed to trap the theoretical amount of CO2 evolved (e.g., 2 N or 4 N KOH). The CO2 present in traps was periodically quantified by titration with standard acid (10, 37, 41 In jar incubations initially containing 450 g of soil each, the rate of CO2 evolution from unamended, uninoculated, nonsterile soil was, as would be expected, significantly lower than that from lignocellulose-amended soil (Fig. 1 ). There was no apparent difference in CO2 evolution in amended soil between treatments inoculated with TK23 or TK23.1. There were significant but transient differences in CO2 evolution rates among unamended, uninoculated soil and unamended soil inoculated with either TK23 or TK23.1. Similarly, there were significant, but transient, differences in CO2 evolution rates between uninoculated soil amended with lignocellulose and lignocellulose-amended soil inoculated with TK23 or TK23.1. There were no statistically significant differences in the rates of CO2 evolution between lignocellulose-amended soil inoculated with the GEM (TK23.1), the parent TK23-inoculated soil, or noninoculated soil. The flask-scale studies discussed previously (40) were also repeated, and CO2 evolution from lignocellulose-amended, TK23.1-inoculated soil was found to be significantly higher than that from uninoculated soils or soils inoculated with TK23, but only over the first 3 days of incubation (data not presented). Figure 2b shows the cumulative release of 14CO2 from the 14C-cellulose lignocellulose-amended soil. 14CO2 evolved from the TK23-inoculated soil was significantly lower than that evolved from uninoculated soil or TK23.1-inoculated soil. This occurred despite present and previous (40) results showing that TK23 and TK23.1 survive similarly in the soil. The uninoculated soil evolved the same amount of 14CO2 as the TK23.1-inoculated soil.
In the 14C-lignin lignocellulose-amended soil, the order of 14C-label incorporation into humic acids after 30 days was TK23.1-inoculated > TK23-inoculated > uninoculated soil ( Table 1 ). The uninoculated soil showed about the same value as the control (unlabeled lignocellulose-amended soil). These background levels primarily represent chemiluminescence and/or other factors not representing radioactivity. Both the TK23-and TK23.1-inoculated soils gave significantly higher values, twice that of the control. After 60 days, however, the number of disintegrations per minute from the humic acid fractions of the soils was higher in the uninoculated soil than in either inoculated soil. While the higher value may be real, due to high standard deviations, the differences were never statistically significant. In the case of 14C-fulvic acids, disintegrations per minute were higher in uninoculated soil than in either inoculated soil after 30 days of incubation. Again, the value was higher for TK23. In a similar experiment using 14C-cellulose in place of 14C-lignin lignocellulose, the order of 14C-humic acid values was TK23.1-inoculated > TK23-inoculated > uninoculated soil after 30 days, with each value being significantly different from the others ( Table 2) . After 60 days, the order was TK23.1-inoculated > uninoculated > TK23-inoculated soil, but these differences were no longer significantly different from one another. For 14C-fulvic acids at day 30, the TK23.1-inoculated soil gave a significantly higher value than either of the other treatments. These differences again disappeared after 60 days for TK23.1-inoculated versus uninoculated soils, although the TK23.1 value was still significantly higher than the TK23 value. Overall, the values for incorporation of 14C-lignin and 14C-cellulose carbons of lignocellulose into the humic and fulvic acid fractions of soil organic matter indicate a transient effect attributable to inoculation with the recombinant TK23.1 (see Discussion).
During the course of the incubations, the water content of the soils remained relatively constant (data not shown). The amendment of soil with lignocellulose did, however, significantly affect soil pH, whether or not the soil was inoculated. In uninoculated soil amended with lignocellulose, the pH increased from an initial 5.8 to 5.9 to about 6.2 over the first 35 days of the incubation. It then remained stable through day 91. In TK23-and TK23.1-inoculated, amended soils, the pH increased to about 6.3. While the 0.1-pH-unit difference between inoculated and uninoculated soils was statistically significant, the difference in pH between the TK23-and TK23.1-inoculated soils was not, except on day 3, when the pH of the GEM-inoculated (TK23.1) soil was significantly higher than the pH of soil inoculated with the parent (TK23). In all of the lignocellulose-amended soils, most of the rise in pH occurred during the first 14 days. In the unamended, uninoculated control soil, the pH slowly fell over the incubation period, from pH 5.9, down to just under pH 5.7. Unamended soils inoculated with either TK23 or TK23.1, on the other hand, increased in pH through day 7, from about pH 5.0 to just above pH 6.1 for TK23.1-inoculated soils and to approximately pH 5.9 for TK23-inoculated soils. A significant difference between values for TK23.1 versus TK23 was seen, again, only on day 3, when the value for TK23.1 was statistically higher than that for TK23. Through the remainder of the experiment (days 7 to 91), the pHs of both of the inoculated, unamended soils slowly declined to final values near 5.9, essentially the same value as found at day 0.
There were some short-term, statistically significant effects on soil enzyme activities that were attributable to GEMS ( transiently by the GEM (TK23.1), but only in soils amended with lignocellulose. The addition of lignocellulose significantly increased soil dehydrogenase activity for all inoculated soils. The dehydrogenase activity increased upon wetting of the soil and reached a maximum at day 7, while dehydrogenase activity in the unamended treatments decreased upon the start of the study (Fig. 3) . The addition of the GEM initially resulted in an increase in dehydrogenase activity compared with the activity of the parent or the uninoculated control, but only when lignocellulose was added. The dehydrogenase activity in the unamended soil was the same for the various inoculation treatments. The effect of the GEM on dehydrogenase activity in lignocellulose-amended soil lasted until day 7, after which the dehydrogenase activity decreased by day 14 back to a level similar to that observed for amended soil inoculated with the parental strain. Thus, the introduction of the GEM resulted in an initial increase in dehydrogenase activity, but the effect was transient.
Unlike dehydrogenase activity, which showed a preferential increase after 3 days in lignocellulose-amended soil, soil glucosidase activity significantly increased for all inoculation treatments upon soil wetting (Fig. 4) . Soil glucosidase activity was not influenced by inoculation with the GEM or the parental strain. However, the amendment with lignocellulose significantly decreased soil glucosidase activity starting on day 7, and it continued to the final sampling on day 35. There were no measurable effects of the GEM or parent strain on the detectable levels of extractable phenolics in the soil. In all treatments, the amount of extractable phenolics remained essentially constant.
There were no observed effects of recombinant TK23.1 or parent TK23 on aerobic heterotrophic bacterial populations, as determined by plate count procedures. In unamended soil amended with TK23.1 or TK23, bacterial populations declined steadily from day 7 until day 35 and then increased to and stabilized at about 106-4/g of soil. As expected, bacterial populations in lignocellulose-amended soil were generally higher at day 35 than those in the unamended soil. Otherwise, a pattern of declining numbers, through day 14 in this case, was similar to that seen for unamended soil, except there was an initial increase in numbers (days 0 to 7) before the decline set in. Also, after day 35, the numbers of bacteria in amended soils stabilized at a lower count (106.0 to 106-2/g of soil) than in the unamended soils.
In general, there was an initial 1-log increase in the population of spore-forming bacteria during the first 3 days of the study, followed by a decline (days 7 Some transient, but significant effects on the numbers of cellulose-degrading bacteria were also observed (Fig. 6) . Their numbers tended to be higher, as expected, in lignocellulose-amended soils compared with unamended soils. At day 91, all of the amended soils contained significantly more cellulose degraders than any of the unamended soils. Among the unamended treatments, those inoculated with TK23.1 consistently maintained higher, but declining, numbers of cellulose degraders than did the TK23-inoculated soil, which itself tended to have greater numbers than the uninoculated, unamended soil, except at the last sampling on day 91. When the numbers of added GEMS were subtracted from the number of cellulose degraders, the effect due to the GEM was no longer statistically significant after day 14 (data not shown). Overall, these data suggest a transient stimulatory effect of recombinant TK23.1 on the cellulose-degrading bacterial population of this soil. This effect was, however, only measurable in unamended soil. There were also significant effects on the numbers of chitin-utilizing bacteria. Lignocellulose-amended soils on most sampling days showed higher numbers than did the unamended soils. There were, however, no TK23-or TK23.1-specific effects. In the amended soils, after an initial increase in numbers to about 106 3/g of soil after 7 days, the numbers declined and then stabilized at about 106.8 to 1070/g. In the unamended soils, the numbers of chitin utilizers generally remained stable, averaging 106.0 to 106 2/g at day 91.
The amounts of inorganic soil nitrogen (NH4+-N and NO3-N) and total N were determined at the start of the study and on days 7 and 30. In uninoculated, unamended soil, the amount of NO3 -N increased over the 30-day incubation, from <25 to about 70 ,ug of NOf3-N per g of soil (Fig. 7a) . When unamended soil was inoculated with parental strain TK23 or recombinant strain TK23.1, a similar pattern was seen, but the final values were significantly higher than in the uninoculated soil. TK23.1-inoculated soil gave a significantly higher value than TK23-inoculated soil.
In all of the lignocellulose-amended treatments, NO3-N rapidly declined and remained at or below detectable levels (Fig. 7a) . For unamended, uninoculated and unamended, and TK23-inoculated soils, the level of NH4+-N declined from about 9 to 10 to about 1 ,ug/g of soil over the first 7 days of incubation and then declined slowly to nondetectable levels by day 30 (Fig. 7b) . While NH4+-N levels in unamended TK23.1-inoculated soil also declined to nondetectable levels within 30 days, the rate of decline was significantly slower than that of the others. Amended soils showed a similar pattern of initial decline, followed by stabilization of NH4+-N levels near 1 to 2 ,ug/g of soil (Fig. 7b) . While the final values for NH4+-N showed a pattern of being somewhat higher for amended soils inoculated with TK23.1 compared with the amended uninoculated and amended TK23-inoculated soils, the differences were not statistically significant due to large standard deviations. Thus, the recombinant significantly affected the rate of release of NO3--N and removal of NH4+-N only in unamended soils.
Any effects in amended soils were masked by effects associated with N immobilization due to the extra organic carbon present in the soil.
There was no apparent relationship between soil populations of ammonium oxidizers and the changes in the soil inorganic N levels. The average population of ammonium oxidizers was 104.2 CFU/g of dry soil. Populations of these organisms remained at approximately the same level, as determined by most probably number, over the course of the incubation regardless of treatment. The population that was present, however, was active, producing the increase in nitrate observed in the soil during the incubation (Fig. 7a) .
Seven days after the start of the experiment, the microbial biomass-C determined from the fumigated soil sample alone and the microbial biomass-N were higher when the GEM and parent had been introduced into the soil than they were in the uninoculated soil (Table 4 ). The microbial biomass-C determined from the respiration of the fumigated soil sample minus the respiration of an unfumigated soil was significantly APPL. ENVIRON. MICROBIOL. higher for the parent (TK23)-inoculated soil than it was for the GEM-inoculated and uninoculated soil. The addition of lignocellulose significantly increased soil microbial biomass-C for the fumigated soil sample alone, for the fumigated soil minus the unfumigated soil, and for soil microbial biomass-N. After 30 days, the microbial biomass had decreased from the day 7 sampling. Microbial biomass-C and biomass-N were higher only in the GEM-inoculated soil for the fumigated soil sample only. The biomass-C calculated by subtracting the respiration from the unfumigated soil had the same level of biomass for all inoculation treatments. The addition of lignocellulose increased microbial biomass-C when no control was subtracted and the microbial biomass-N, while the microbial biomass-C was the same with and without the lignocellulose addition when a control was subtracted.
DISCUSSION
The populations and activities of the soil microbiota and the biogeochemical cycling of carbon and nitrogen in the soil were examined to determine the effects of recombinant S. lividans TK23.1 on soil microorganisms and microbial processes. Experiments were conducted independently by scientists in three different laboratories, using the same microbial strains and soil. Findings from all three laboratories support the same conclusion, that strain TK23.1 did measurably affect soil microbial populations and functions, though the effects were generally minimal and transient. Certain effects were attributable specifically to the GEM, and not to the parental strain TK23, although both strains had similar survival patterns in the soil. These effects included changes in carbon mineralization rates similar to those observed previously (40) . However, in the present study, 14Co2 evolution rates were not enhanced in 14C-lignin-amended and 14C-cellulose-lignocellulose-amended soil inoculated with either TK23 or TK23.1. Inoculation of TK23.1, however, had a transient effect on the incorporation of "4C into soil humus, specifically, the fulvic acid fraction for 14C-lignin-amended soil at day 30, and on that of the 14C-cellulose-amended soil into humic acid and fulvic acid fractions at day 30. These data support the hypothesis (40) that enhanced lignin peroxidase expression by the recombinant results in a transient increase in the availability of cellulosic components to the cellulolytic microbiota. Also, the data showed that the numbers of cellulose-degrading bacteria were stimulated only in unamended soil inoculated with the GEM, suggesting that the enhanced production of lignin peroxidase affected only previously deposited lignocellulose in the soil. These experiments were quite short, relative to the natural rates of carbon turnover in humus. However, incubation times appeared adequate to detect such effects, since all significant effects seen at 30 days were absent by day 60.
While TK23.1-specific effects on soil enzyme activities were also short-lived, the data support an ability of TK23.1 to transiently stimulate the overall level of soil microbial activity. Soil enzyme activities, in particular, dehydrogenase activity, represent a measure of overall microbial metabolic activity. Since the effects were transient, effects on the activity of the indigenous microbiota due to release of the recombinant strain would be minimal. The lack of effects on the pool of extractable phenolics regardless of treatment suggests that the effects observed on the fulvic and humic acid fractions may not be ecologically significant from the perspective of biomass turnover. These results may also reflect the insensitivity of the methods used for extraction and detection of soil phenolic compounds.
In general, the viable plate counts did not reveal any recombinant or parental strain effects on the population of When the recombinant was compared with the wild type and the uninoculated control on day 30, the recombinant was shown to increase soil microbial biomass-C and -N when biomass was calculated by using respiration from the fumigated soil sample alone ( Table 3 ). The addition of the GEM did not increase soil microbial biomass-C when the unfumigated soil respiration was subtracted from the respiration of the fumigated soil sample. Soil microbial biomass was calculated with respiration data from the fumigated soil sample alone and also by subtracting the respiration of an unfumigated soil control from the respiration of the fumigated soil APPL. ENVIRON. MICROBIOL.
on October 29, 2017 by guest http://aem.asm.org/ Downloaded from sample. The latter was to account for the effects of substrate addition (e.g., the lignocellulose amendment) on soil respiration and for a possibly increased level of respiration in the fumigated soil sample due to lignocellulose degradation in addition to killed biomass degradation. Soil respiration did increase when lignocellulose was added (Fig. 2) , demonstrating that soil microbial biomass values calculated from a fumigated soil sample by itself might yield calculated biomass values higher than those actually present. Soil populations of the parent and recombinant decreased at the same rate in soil, demonstrating that the increase in biomass did not come from growth of the recombinant organisms.
The addition of lignocellulose to the soil by itself affected many of the variables studied. Any TK23-or TK23.1-specific effects had to be measurable over these lignocellulose-specific effects. Despite this, some TK23.1-specific effects were only observed in lignocellulose-amended soil. The effect on pH exemplifies this relation. TK23 and TK23.1 caused by the pH of the soils to increase, but this effect was almost masked by the lignocellulose-induced increase in pH. Without the lignocellulose-specific rise, however, both TK23.1 and TK23 affected soil pH, TK23.1 slightly more than TK23. Since pH is an important environmental factor, the increased soil pH may have influenced the other measured variables. This aspect of the study deserves further examination.
While these data confirm and extend our previous findings showing a significant, measurable effect of a recombinant Streptomyces spp. in a soil ecosystem, the data also indicate transient effects that, while significant statistically, are probably not ecologically significant. This concept has been discussed by Babich et al. (3) . The results also show the importance of using a battery of tests to examine the effects of a GEM in the environment (11) . Batteries of tests must be designed to measure the potential effects on microbial populations and processes in soil resulting from expression of the specific recombinant genes present in the GEM. These tests should account for the limits on culturability of microorganisms on laboratory media when microbial populations are being enumerated. Other approaches, including molecular genetic ones, would complement the battery of tests used in this study. In the present case, our tests emphasized culturable microbial populations, carbon/nitrogen cycling, and selected soil enzyme activities, since the gene of interest codes for a lignin peroxidase. While effects observed were probably of marginal ecological consequence, they were easily detected. Analogously, if the effects had been long term and therefore more likely to be ecologically significant, they would also have been readily detected by these methods. From the perspective of risk assessment, this is an important point.
On the basis of the data, we conclude that there would be little if any risk associated with releasing S. lividans TK23.1 into Naff-Thatuna soil or a similar soil type (11) . However, if other lignin-peroxidase-overexpressing recombinant microbes are constructed, they should be independently tested in a variety of soil types and conditions before being proposed for environmental release, because peroxidases vary greatly in specificity and oxidizing power and, particularly when expressed in different organisms and/or within different vectors, they may behave quite differently from S. lividans TK23.1. Thus, there is a clear need for additional research to define overall environmental risk.
